This paper presents a comparison between three simple sewage treatment lines involving natural processes: (a) upflow anaerobic sludge blanket (UASB) reactor-three maturation ponds in seriescoarse rock filter; (b) UASB reactor-horizontal subsurface-flow constructed wetland; and (c) verticalflow constructed wetlands treating raw sewage (first stage of the French system). The evaluation was based on several years of practical experience with three small full-scale plants receiving the same influent wastewater (population equivalents of 220, 60 and 100 inhabitants) in the city of Belo Horizonte, Brazil. The comparison included interpretation of concentrations and removal efficiencies based on monitoring data (organic matter, solids, nitrogen, phosphorus, coliforms and helminth eggs), together with an evaluation of practical aspects, such as land and volume requirements, sludge production and handling, plant management, clogging and others. Based on an integrated evaluation of all aspects involved, it is worth emphasizing that each system has its own specificities, and no generalization can be made on the best option. The overall conclusion is that the three lines are suitable for sewage treatment in small communities in warm-climate regions. by guest NH4 þ -N ¼ ammonia nitrogen; NO2 À -N ¼ nitrite nitrogen; NO3 À -N ¼ nitrate nitrogen; Total P ¼ total phosphorus; E. coli ¼ Escherichia coli; Helm. eggs ¼ helminth eggs. Units: mg/L, except E. coli (MPN/100 mL) and helminth eggs (eggs/L); E. coligeometric mean; (-) data not available.
INTRODUCTION
Natural wastewater treatment processes are a very good alternative for the treatment of domestic sewage generated in small communities, due to their conceptual simplicity and low operation and maintenance costs. The major variants of extensive systems are stabilization ponds and constructed wetlands. Although not a natural treatment process, upflow anaerobic sludge blanket (UASB) reactors are also simple, and are widely used in some warm-climate countries as the first stage in the treatment line. Generalizations on what is the best treatment system should be avoided, due to the fact that there is no single solution for all situations, and the decision relies on a multitude of factors, comprising land requirements, effluent quality requirements, performance in terms of organic matter, nutrients and pathogen removal, construction costs, and operation and maintenance costs.
This paper presents an investigation on the performance and behavior of the following treatment lines over several years, all of them involving a natural system and receiving the same influent (municipal wastewater from the city of Belo Horizonte, Brazil): (a) UASB reactor-three maturation ponds in series-coarse rock filter; (b) UASB reactor-horizontal subsurface-flow constructed wetland; and (c) vertical-flow constructed wetlands treating raw sewage (first stage of the French system).
The individual processes comprising these treatment systems are well covered in the international literature, such as: (Molle et al. ) . Apart from these examples, there is a large quantity of papers covering different aspects of these processes, but the list is scarce when the subject is a comparison between them (Mara ; Mburu et al. ) , especially when UASB reactors are involved (Bastos et al. ; von Sperling et al. ) .
Most of the papers comparing processes deal with treatment plants receiving different wastewaters in different locations (Oliveira & von Sperling ) , or are based on pilot-scale units, or reflect monitoring results obtained on a short term. This paper aims to contribute to the reduction of these limitations by making a comparison with treatment lines fed by the same municipal wastewater, using full-scale treatment units for small communities (population equivalents between 60 and 220 inhabitants) with monitoring data obtained over several years. The data used and the basis for the analysis came from After preliminary treatment (coarse and medium screens followed by grit removal), the wastewater is directed to the treatment units. The influent mainly comprises domestic sewage generated in the city of Belo Horizonte (2.5 million inhabitants), with a small fraction diverted to the experimental treatment plants. Figure 1 shows the flowsheet and pictures of the three systems investigated.
METHODS
UASB reactor-three ponds in series-rock filter
The system comprising UASB reactor and ponds was designed for a population equivalent of around 220 inhabitants, and had the following characteristics: (a) UASB reactor: volume ¼ 14.2 m 3 , height ¼ 4.5 m, diameter ¼ 2.0 m; (b) maturation ponds: three ponds in series, each with length ¼ 25.00 m and width ¼ 5.25 m; and (c) coarse rock filter occupying the final one-third of the third pond, with length ¼ 8.44 m; width ¼ 5.25 m; height ¼ 0.4 m; grain size between 32 and 150 mm. The results presented here are from May 2002 to February 2013 (almost 11 years). During the period, the influent flow varied, with a mean value of 33.0 m 3 /d. In addition, pond depth was changed in order to investigate its influence on system behavior, with values ranging from 0.40 to 0.80 m. As a result, the hydraulic retention times (HRT) varied. In Ponds 1 and 2, HRT varied between 2.0 and 6.0 days (range between 10 and 90 percentile). In Pond 3, HRT was lower (range between 0.8 and 2.5 days) because the pond was shallower and one-third of its volume was taken up by the coarse rock filter. The rock filter operated with hydraulic loading rates (HLR) between 1.0 and 1.5 m 3 /m 3 d.
UASB reactor-horizontal subsurface-flow constructed wetland
The treatment system with the horizontal subsurface-flow wetland was also preceded by a UASB reactor. The UASB reactor had a volume of 7.2 m 3 , a height of 5.0 m and square dimensions of 1.20 m × 1.20 m. Its capacity was greater than that required for the wetland unit, and the excess flow was bypassed to final disposal. The wetland unit treated a population equivalent of around 60 inhabitants and received a mean flow of 8.0 m³/d. The medium was steel slag with d 10 ¼ 19 mm, non-uniformity coefficient d 60 /d 10 ¼ 1.2 and porosity ¼ 0.40. The height of the bed was 0.40 m, and the design water depth was 0.30 m. The bed was cultivated with cattail (Typha latifolia). The design parameters and dimensions of the unit were length ¼ 24.1 m; width ¼ 3.0 m; length/width ratio ¼ 8.0; surface area ¼ 72.3 m 2 ; wet volume V ¼ 21.7 m 3 ; surface HLR ¼ 0.11 m 3 /m 2 d; HRT (V.porosity/Q) ¼ 1.1 d. The operational period covered here is from September 2007 to August 2011 (4 years).
Vertical-flow constructed wetland
The system with vertical-flow constructed wetlands received raw sewage after only preliminary treatment (there was no UASB reactor in the line) from a population equivalent of 100 inhabitants. There were three units in parallel, according to the first stage of the French system (the second stage was not implemented). The units were planted with grass Tifton 85 (Cynodon spp.) and each one had a length of 9.3 m and a width of 3.1 m, with the filter bed consisting of an upper layer of gravel (2.4-12.5 mm) with 0.40 m height, an intermediary layer of 0.15 m of gravel (4.8-25 mm) and a drainage layer of 0.15 m of coarse gravel (19-50 mm). The filters started operation in 2009, and were intermittently fed by pulse flooding alternated with drainage and rest periods, with different feeding strategies during these 5 years. The results presented here are from January 2012 to October 2012, in which each unit was fed on weekly cycles with raw sewage for 2.3 days and rested for 4.7 days (comprising cycles of 7.0 days). The inflow had a mean value of 13.4 m 3 /d, with feeding with one batch of 560 L every 1 hour (mean HLR of 0.45 m 3 /m 2 d in the working bed, which corresponds to 0.15 m 3 /m 2 d in the whole system, for the sake of comparison with other treatment systems). Since the system was already operational at the start of this experimental phase (January 2012), solids were already accumulated in the filter medium, but without formation of a representative top layer of sludge.
Monitoring was typically done on a weekly basis at several points along the treatment lines. Since the monitoring periods were different for each treatment line, the amount of data (N) was also different. For the system with ponds, N varied between 30 and 180 (depending on the constituent), for the system with the horizontal wetland, N varied between 60 and 130, and for the system with the vertical wetland, the amount of data ranged from 30 to 60.
RESULTS AND DISCUSSION
Treatment performance Table 1 presents the mean concentrations of the main quality parameters throughout the treatment systems. Although the influent wastewater was the same, its mean concentration changed during the monitoring period for each system, which justifies different mean values for each treatment line. Table 2 shows the mean removal efficiencies at each stage of the treatment sequences, while Figure 2 depicts the overall efficiencies obtained by the three systems.
From Tables 1 and 2 and Figure 2 , the following points regarding the performance of the treatment units and systems can be made (these comments are confined to the operational conditions and loading rates applied to the units):
• The performance of the UASB reactors was in accord with report in the literature, with mean removal efficiencies around 70% for biochemical oxygen demand (BOD) and 60% for chemical oxygen demand (COD), occurrence of ammonification, no decrease in phosphorus concentrations, and 80% coliform removal.
• In the treatment line with the ponds in series, Ponds 2 and 3 did not contribute to the removal of organic matter and solids, and algal biomass production led to small or even negative values of BOD, COD and total suspended solids (TSS) removal efficiencies in these ponds. These ponds represent 60% of the total pond area, and do not seem to be important if organic matter removal is the main goal. However, if ammonia and coliform removal are important objectives in terms of the required effluent quality, these ponds are essential. Overall efficiency: removal efficiency of the whole system, from raw sewage to final effluent. In the vertical wetland, since the treatment line comprises only the wetland stage, the overall efficiency is the same as the efficiency in the vertical wetlands. a Assumed (no data on influent concentrations). Helm. eggs
• The coarse rock filter after the last pond in the series contributed a mean TSS removal of 60%, assisting in the decrease of the particulate BOD and COD associated with the algae generated in the ponds.
• The treatment line with the best performance in terms of organic matter and TSS removal was the UASB and horizontal subsurface-flow wetland (which led to a very well clarified effluent), followed by the vertical-flow wetland.
• Total nitrogen (Total N) and ammonia were partially removed at the UASB þ ponds system and in the vertical-flow wetland, and there was virtually no removal at the UASB þ horizontal subsurface-flow wetland system. Ammonification took place at the UASB reactors.
• Influent phosphorus concentrations were low, and P removal was not high in any of the treatment lines.
• The system with the maturation ponds was able to produce an effluent with excellent bacteriological quality (E. coli < 10 3 MPN/100 mL; almost 6 log units removed) and a zero helminth egg count (100% efficiency), and this was the main reason for having the three ponds in series.
Of course, it is difficult to compare the performance of treatment systems with a different number of units and area. It is difficult to standardize the comparison by assuming that all systems had the same total surface area. If they all had the same area of the smaller system (vertical-flow wetland, with 0.9 m 2 /inhabitant), based on the experience obtained with the systems and the study of their behavior, the main impact would probably be a substantial reduction of the coliform and ammonia removal in the pond system. Organic matter and TSS would be little affected in the pond system, and there would be only a moderate reduction in the performance of the horizontal flow wetland (but possibly a faster overall clogging and a resulting surface flow above the top of the filter medium).
Overall comparison between the treatment systems
A general comparison between the three treatment lines is presented in Table 3 , including, not only a qualitative interpretation of the performance evaluation shown previously, but also an additional assessment of practical aspects in terms of implementation and operational aspects. No cost data were available to include in the analysis, because the treatment units have been constructed and adapted at different stages. Naturally, the quantitative data presented are associated with the design concept and the loading rates applied here, and any generalization should take this into account.
When analyzing natural treatment systems, usually the most sensitive issue is land requirements. The values presented in Table 3 are the per capita net land requirements (taking into account only the treatment units in the liquid line), with no consideration of the additional area that comprises the total treatment plant. Land requirements for the UASB reactors are negligible, compared with the extensive units. The system with the lowest land requirement was the vertical-flow constructed wetlands (0.9 m 2 /inhabitant), representing half of the area required by the three ponds in series and rock filter system. However, it should be remembered that only the first stage of the French verticalflow wetland was implemented (typically, the full French system comprises the first stage, with three parallel cells, requiring 1.2 m 2 /inhabitant, and the second stage, with two parallel cells, requiring 0.8 m 2 /inhabitant, according to Molle et al. ) . If the vertical-flow system investigated here had incorporated a post-treatment stage, more land area would be required, but the effluent quality would be better. This highlights the difficulty in comparing treatment systems with different characteristics and treatment capabilities.
Although no construction costs have been computed here, the cost associated with the filter medium can be estimated. Of course, these costs are heavily influenced by transportation distance. In the city of Belo Horizonte, Brazil, where this research was undertaken, sieved crushed stones had a cost of around USD25-USD35/m 3 , which leads to per capita values (see volumetric requirements in Table 3 ) of 2-3 USD/inhabitant for the coarse rock filter, 13-18 USD/inhabitant for the horizontal subsurface-flow wetland and 15-21 USD/inhabitant for the vertical-flow wetland. Steel slag had a cost of approximately half this value.
Another important aspect is sludge production and handling. In the UASB-ponds and UASB-horizontal wetland system, sludge handling was associated with the UASB reactor. The production is small (compared with compact aerobic treatment processes), and handling is simple, because the anaerobic sludge is already thickened and digested in the UASB reactor itself. So far, no sludge handling from the natural treatment units has been necessary.
These general findings are in line with those described by von Sperling et al. () and Bastos et al. () , based on results obtained in the two treatment lines undertaking post-treatment of UASB reactor effluent: better organic matter and solids removal in the horizontal subsurfaceflow wetlands; and better ammonia and coliform removal in the systems involving maturation ponds. The results obtained by Mburu et al. () are similar to those obtained here, even though their study was based on different treatment configurations. It is difficult to make generalizations about land requirements, because these are highly dependent on the applied loading rates, climatic conditions, type of treatment ahead of the extensive systems and effluent quality objectives. However, even with this in mind, von 
CONCLUSIONS
The paper presented a comparison of several aspects, covering effluent quality and practical operational aspects of the following treatment alternatives: (a) UASB reactor-maturation ponds in series-coarse rock filter; (b) UASB reactor-horizontal subsurface-flow constructed wetland; (c) vertical-flow constructed wetlands treating raw sewage (first stage of the French system).
As seen by the broad comparison presented here, there is no overall best system, and the three options each have their own applicability, advantages and limitations, and can be successfully applied for the sewage treatment of small communities. The selection among them must be based on a general evaluation, emphasizing those aspects which are more relevant for each specific application.
